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Abstract

The success of gene technologies hinges on our ability to engineer superior encapsulation and 

delivery vectors. Cubosomes are lipid-based nanoparticles where membranes, instead of 

enveloping into classic liposomes, intertwine into complex arrays of pores well-ordered in a cubic 

lattice. These complex nanoparticles encapsulate large contents of siRNA compared to a liposomal 

analogue. Importantly, the membranes that form cubosomes have intrinsic fusogenic properties 

that promote fast endosomal escape. Despite the great potential, traditional routes of forming 

cubosomes lead to particle sizes too large to fulfill the state-of-the art requirements of delivery 

vectors. To overcome this challenge, we utilize a microfluidic nanomanufacturing device to 

synthesize cubosomes and siRNA-loaded cubosomes, termed cuboplexes. Utilizing cryogenic 

TEM and small angle X-ray scattering we elucidate the time-resolved mechanisms in which 

microfluidic devices allow the production of small cubosomes and cuboplexes (75 nm) that 

outperform commercially available delivery vectors, as well as liposome-based systems.
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Cubosomes, first observed during fat digestion1 and described by K. Larsson,2 are the 

colloidally stable form of bulk bicontinuous phases. Lipid bicontinuous cubic structures 

consist of bilayers with midplanes curved into gyroid, diamond, or primitive minimal 

surfaces that separate into two independent water channel domains. While structurally 

complex, these structures can be thermodynamically stabilized by a single molecular 

component (e.g., glycerol monooleate) with increasing amounts of water. Lipid cubic phases 

have an important role in nature3–5 including transformations in mitochondrial membranes 

upon starvation6 and viral infections.7 Cubosomes are continuously compartmentalized into 

hydrophilic and hydrophobic domains at high surface to volume ratio, making them 

attractive as drug carriers.8–13 Recently, we developed cubosomes encapsulating siRNA, 

cuboplexes,14 for applications in RNAi therapy. Cuboplexes enable a mechanism for 

endosomal escape that does not rely on the proton sponge effect or electrostatically driven 

membrane fusion. Instead, owing to their intrinsic membrane elasticity properties, 

nanoparticles made of membranes arranged in bicontinuous cubic structures have the ability 

to effectively puncture pores in endosomal membranes.15 With the recent success of nucleic 

acid therapies16,17 it is a timely opportunity to develop safe, biocompatible, and low-toxicity 

delivery systems. In this context, endosomal escape remains an enduring challenge in 

nucleic acid delivery systems.15,18–21 A common feature of the most varied nucleic acid 

delivery systems is their ability to puncture membrane pores.22 In addition to this 

“fusogenic” property, cubosomes and cuboplexes will also have to conform to the state-of-

the-art requirements of nanomedicines including narrow size distribution and colloidal 

stability for successful in vivo applications.23

The traditional approach to fragment bicontinuous cubic phases into sub-micrometer 

particulates with colloidal stability is top-down homogenization in the presence of a 

nonlipidic component (e.g., a pluronic polymer),24–31 which is not amenable to the 

coassembly of many biological molecules such as nucleic acids. In addition, particles 

prepared by random shear stress (homogenization or sonication) yield large size and 

polydispersity.32–34 Bottom-up approaches utilize volatile solvents to solubilize lipids that 

are then added dropwise into bulk water. Owing to the low solubility of lipids in water, 

nanoprecipitates are formed and their size can be controlled by volatile solvent/water mixing 

rate. Upon volatile solvent extraction, the nanoprecipitates develop as cubosomes suspended 
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in water. - In general, cubosomes formed using this bottom-up approach are smaller and 

have better physical stability.38 However, because of bulk-scale mixing of ethanol and water, 

this method also results in high polydispersity of particle sizes.36,37

We have shown that colloidal stability of cuboplexes can be attained when siRNA is 

coassembled with a ternary lipid mixture composed of glycerol monooleate (GMO), residual 

amounts of cationic phospholipid DOTAP (1,2-dioleoyl-3-trimethylammonium propane), 

and GMO covalently linked to polyethylene glycol 2 kDa (GMOPEG). This ternary mixture 

emerged as a fruitful polymorphic system, and all three symmetry groups (Ia3d, Pn3m, and 

Im3m) of bicontinuous cubic phases could be stabilized in excess water.14,39 This is in 

contrast to pure GMO, where only the Pn3m is stable.40 Importantly, the formation of the 

cubosomes was successful simply by ultrachilled sonication, a method completely analogous 

to producing a liposome. However, the obtained particle size and size distribution were 

rather wide, restricting potential applications in nanomedicine. In this study, we show that 

microfluidic devices41–43 can be used to prepare colloidally stable cubosomes and 

cuboplexes with excellent control over size, size distributions, and composition. We employ 

cryogenic transmission electron microscopy (Cryo-EM) and small angle X-ray scattering 

(SAXS) to elucidate that microfluidic synthesis of cubosomes and gene silencing cubosomes 

(cuboplexes) is controlled by membrane fusion of ethanol-in-water nanoemulsions. The 

cubosomes and cuboplexes prepared by this microfluidics method exhibit significantly 

smaller size and narrower size distributions compared to conventional bottom-up or top-

down large-scale approaches. Furthermore, Cryo-EM unveils how siRNA interacts with 

cubosome membranes and water nanochannels to form cuboplexes. Our study provides 

important insight on microfluidic synthesis of lipid-based nanoparticles with and without 

biological cargo that can be extended to a variety of nanomedicines development.

RESULTS AND DISCUSSION

Our study is focused on the preparation of cubosomes and cuboplexes having small average 

size and narrow size distributions, as well as colloidal stability, which are basic requirements 

for applications in nanomedicine. To accomplish this goal, we employ a bottom-up 

microfluidic approach to naonomanufacture a ternary lipid system previously shown to self-

organize into well-ordered (but very polydisperse) spheroidal membranes with internal 

bicontinuous cubic structure.14 We utilize a ternary mixture where each lipid serves a 

specific function. The first component is GMO, which is a bicontinuous cubic phase forming 

lipid. The second lipid is DOTAP, which is positively charged and is commonly used to 

encapsulate negatively charged therapeutics via electrostatic pinning. In addition, it has a 

favorable interaction with negatively charged cell membranes. Finally, GMOPEG is utilized 

for colloidal stability. We hypothesize that microfluidic synthesis combined with lipid 

compositional tuning enables the stabilization of cubosomes and cuboplexes with sizes 

smaller than 100 nm and narrow size distribution. We fabricated and utilized a staggered 

herringbone mixer (SHM) that provides chaotic and complete mixing profiles in small 

volumes, which is crucial for size-controlled nanoparticle synthesis.41
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Microfluidic Synthesis.

Figure 1 schematically represents the process of cubosome fabrication using the SHM 

device. The lipid feeding solution is injected in one inlet and consists of three different lipids 

(GMO, DOTAP, and GMOPEG) at compositions such that a bicontinuous cubic phase is the 

equilibrium structure in bulk and excess water. On the basis of our previous studies of this 

tricomponent lipid system, we fixed GMOPEG content to 1 mol %, which showed good 

colloidal stabilization properties and DOTAP contents to 2 mol %.14,39 At this regime, the 

stable space group of the bicontinuous cubic phase in excess water is the Im3m (see cartoon 

in Figure 2), but in general any type of cubic phase or other geometry can be attained and is 

determined by lipid composition. In a second inlet, an aqueous phase is concurrently loaded 

in the microfluidic device using a syringe pump. The lipid and water feeding solutions are 

delivered with a total flow rate and flow rate ratio (water/lipid solution) that are optimized 

for a particular lipid system. Supporting Note 1 describes the optimized conditions to 

produce cubosomes. The ethanol and aqueous solutions are then subjected to chaotic 

advection, which is induced by the herringbone structure of the microchannels,41 reaching 

intermediate Reynold’s numbers (2 < Re < 500 for 0.02 mL/min < total flow rate < 4 mL/

min).42 Under these conditions an ethanol-in-water emulsion of nanosized droplets is 

produced with a lipid layer stabilizing the interface between the solvents. The emulsion is 

collected from the outlet (after chaotic mixing for under a second) and treated on a rotary 

evaporator to extract the volatile solvent (less than 20 min). The resultant solution consists 

of a dispersion of cubosomes of small size and narrow size distribution. The size and size 

distribution of the resultant cubosomes are completely coupled with the properties of the 

emulsion droplets. There are multiple variables that can affect emulsion sizes including flow 

conditions, lipid concentration, and lipid composition (see Supporting Note 1).

Mechanism of Cubosome Formation.

Upon extraction of the volatile solvent (in a rotary evaporator operating at P = 75 mbar and 

T = 57 °C), cubosomes are formed in an estimated time of 14 min. The effective removal of 

ethanol is a crucial step for the formation of well-ordered cubosomes, as for significant 

alcohol contents a discorded bicontinuous structure (referred to as a sponge phase) is favored 

instead.44 To understand how emulsions evolve into cubosomes in the rotary evaporator, we 

collected solutions at 0, 4, 8, 12, and 14 min time points (t). Figure 2 shows Cryo-EM 

images as well as SAXS profiles obtained for each collected solution at various t. Initially (t 
= 0 min) Cryo-EM images indicate that the solution consists of an emulsion of rather 

monodisperse and well-isolated droplets at an average diameter of 50 nm. Supporting Note 1 

shows dynamic light scattering (DLS) results that corroborate the droplet sizes observed by 

Cryo-EM. At t = 4 min, emulsions start to fuse, forming “beads on a string” morphologies as 

well as sheet-like structures. At this point, the darker rim of the droplets is readily visible 

and indicates the presence of a lipid bilayer membrane. Further thermal treatment and 

evaporation (t =8 min) leads to a periodic arrangement of fused membranes confined within 

a spheroidal particle. These particles display a clear membranous rim, most likely consisting 

of lipid bilayers. After full thermal treatment (t = 14 min), we found that nanoparticles 

comprise membranous interiors highly ordered into a bicontinuous cubic lattice, a 

cubosome. The size of the cubosomes observed by Cryo-EM is around 200 nm. Dynamic 

light scattering (Supporting Note 2) confirms an average diameter of the microfluidics 
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cubosomes of 201 nm and a polydispersity index (PDI) of 0.04. It is noteworthy that 

traditional large-scale techniques yield larger sizes (average diameter of 200–500 nm) and 

much higher polydispersity (PDI = 0.11).36,37

In order to clearly elucidate the structure of the nanoparticles in larger ensembles, we 

conducted SAXS of the collected solutions at different time points. The SAXS profile for 

the equilibrium bulk bicontinuous cubic phase in excess water is displayed as a control. This 

consists of several diffraction peaks located at q positions corresponding to a bulk primitive 

Im3m cubic phase (QII
P). These seven peaks are at the reciprocal lattice vectors 

q/(2π /a) = Ghkl/(2π /a) = h2 +k2 + l2
1/2 = 2, 4, 6, 10, 12, 14, and 18,

corresponding to [110], [200], [211], [310], [222], [321], and [411] reflections, respectively. 

The peak indexes are satisfying the QII
P structure rules: (i) (h + k + l) = 2n, (ii) 0kl (k + l = 

2n), (iii) hhl (l = 2n), (iv) h00 (h = 2n), (v) hkl (k, l = 2n) (with h, k, l permutable and n is an 

integer).45 The Im3m unit cell is schematically presented in Figure 2 with the midplane of 

the lipid bilayer represented in yellow and the water channels in blue. The calculated lattice 

spacing a = 20.7 nm is well matched with the measured spacing from Cryo-EM images (a = 

19.8 nm). As time (t) evolves from 0 to 14 min the solutionscattering profiles develop three 

structure factor peaks with increased intensity and at the q positions compared to the 

concentrated bulk phase (red line). Already after t =12 min the SAXS profile displays 

prominent Bragg peaks indicating that the solution consists of dispersed and well-ordered 

cubosomes.

In addition to microfluidics flow conditions and lipid concentration, another handle in the 

ternary system is lipid composition. On the basis of the fact that cubosome formation is 

mediated by the fusion of droplet membranes, we hypothesize that increasing GMOPEG 

stabilizer content (while keeping within the bicontinuous cubic phase regime14,39) will cap 

particle growth by hindering fusion events. This is important because nanoparticles for 

therapeutics are now well understood to have an optimal size of 50–100 nm. Figure 3 shows 

Cryo-EM data for microfluidic cubosomes produced when the GMOPEG content is 

increased from 1 to 2 mol %. It is noteworthy that the cubosomes reach low diameters32–37 

of aproximately 75 nm without compromising the internal ordering of the bicontinuous 

cubic membrane.

siRNA Loading.

In order to produce cuboplexes, siRNA needs to be efficiently loaded into cubosomes 

without disrupting their structure, colloidal stability, or size distribution. We load siRNA into 

cubosomes under conditions of nominal charge neutrality (one charged DOTAP per nucleic 

acid base, ρ = nDOTAP/nNA = 1). Various methods were carried out to achieve successful 

incorporation of siRNAs within the cubosomes. First, an siRNA solution was used as the 

feeding aqueous solution instead of pure water during the microfluidic emulsification 

process. This approach has been successful for the loading of nucleic acids into regular 

liposomes (lipoplexes) produced by microfluidic devices.42,46 These previous studies 

employ the same methodology of ethanol-based emulsions but at higher flow rates to limit 

the size of emulsions. In addition, instead of using a rotary evaporator, the removal of the 

volatile solvent was conducted by dialysis where no fusion of emulsion droplets is observed. 
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Hence, the size of lipoplexes is controlled solely by microfluidic flow conditions and lipid 

compositions reaching dimeters as low as 20 nm. In our case of cubosome manufacturing, a 

crucial step is emulsion fusion, and solvent removal by rotary evaporator is preferable. We 

found that addition of siRNA into the aqueous feeding line is detrimental because siRNA 

hinders the fusion events between emulsions. As a result, if siRNA is added directly into the 

aqueous feeding line, only a few cuboplexes were found and the majority of emulsions 

containing siRNA were transformed into regular lipoplexes. Traditional lipoplex 

nanoparticles consist of concentrically organized lipid bilayers intercalated with siRNA.21,47 

In an alternative approach, siRNA solutions were mixed with premanufactured microfluidic 

cubosomes. After a day-long incubation, the solution is centrifuged and filtered to eliminate 

unbound siRNAs. The concentration of siRNA in the eluted solution was determined by UV 

absorption using the molar extinction coefficient at 260 nm for the firefly siRNA used in this 

work, ε260 = 367 392 L mol−1 cm−1. It was found that the siRNA encapsulation rate reaches 

more than 90%. Figure 4 shows Cryo-EM images of cuboplexes. The postincorporation 

method yields very well ordered cuboplexes seemingly unaffected by siRNA loading (Figure 

4A). Figure 4B shows two-dimensional (2D) electron density maps of cuboplexes in the 

square region (70 nm × 70 nm) marked in Figure 4A. The relative electron density contrast 

achieved from Cryo-EM was converted into a color scale (higher to lower electron density 

goes from blue to red). A well-ordered lipid membrane (green color) is forming a square 

lattice aligned in the [100] direction, and the red color in the map represents the water 

channels (less electron dense region). While it is expected that siRNA is loaded within the 

water channels of the cubosomes,14 as schematically represented by the cartoons of Figure 

4, the contrast obtained for the nucleic acids is not sufficient to resolve siRNA partition 

within the cuboplex. In order to map out the location of siRNA within cuboplexes with 

nanometer resolution, a strategy was devised where small gold nanoparticles (AuNPs, 1.8 

nm diameter) were conjugated with siRNA molecules. We employed a 21 bp siRNA 

(basepair sequence designed for luciferase knockdown) modified with a 5′ thiol end-group, 

which is rather specific for AuNP pairing via a thiol—gold bond. After purification through 

gel electrophoresis, monovalent siRNA—AuNP conjugates were obtained and were 

incorporated to cubosomes after the microfluidic synthesis as described earlier. Cryo-EM 

images of cuboplexes loaded with siRNA—AuNP are shown in Figure 4C. AuNP 

conjugation does not seem to affect the structure of cuboplexes, nor their size. In Figure 4C 

yellow circles mark the regions where AuNPs can clearly be detected. Figure 4D shows the 

2D electron density profiles expanded to the square section, as indicated in Figure 4C. In 

this case, cuboplexes loaded with siRNA—AuNP show blue and purple regions (high 

electron density), corresponding to the presence of siRNA—AuNPs. In Supporting Notes 3 

and 4, additional 1D and 2D electron density maps clearly elucidate that siRNA—AuNP 

molecules are partitioned inside the water channels and in close proximity to the lipid 

membrane, presumably due to the Coulombic attraction between negative charges of siRNA 

and positively charged lipids. These results are important because they provide a direct 

imaging proof of siRNA incorporation within colloidal dispersions of lipid bicontinuous 

cubic membranes.

Figure 5 displays additional Cryo-EM data of cuboplexes prepared by siRNA incubation 

with ultrasmall microfluidic cubosomes (diameter of 75 and 100 nm at 2 mol % and 1.5 mol 
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% GMOPEG, respectively). Cuboplexes can be as small as the cubosomes (<100 nm), which 

is perfectly suitable for applications in nanomedicine.23 SAXS of cuboplexes (red line) in 

comparison to cubosomes (black line, from Figure 2C) is shown in Figure 5 as well. There 

are three sharp Bragg peaks found at q = 0.046, 0.065, and 0.079 A −1 for the cuboplex 

solution. The three peaks are located at the reciprocal lattice vectors 

q/(2π /a) = Ghkl/(2π /a) = h2 + k2 + l2
1/2 = 2, 4, and 6, corresponding to [110], [200], 

and [211] reflections, respectively. The peak indexes are satisfying the QII
P (Im3m space 

group) structure rules.45 Compared to the SAXS profile of cubosome solutions (black 

curve), there are two main important points. First, Bragg peak widths with and without 

siRNA are similar, indicating that incorporation of siRNAs within cubosome water channels 

does not perturb the ordering of bicontinuous cubic membranes. Second, siRNA inclusion 

retains the Im3m space group but shifts the Bragg peaks to larger q (wave vector) values. In 

real space, the unit cell dimension is decreased from a= 20.7 to 19.1 nm upon siRNA 

inclusion. Changes in unit cell dimensions are indirect proofs of siRNA incorporation in the 

cubosomes and has been observed for different cationic lipid—nucleic acid complex 

systems.14,15 By combining Cryo-EM and SAXS data we can qualitatively infer that siRNA 

molecules are located in the water channels but in tight contact with the cubosome 

membranes presumably due to electrostatic attraction to the charged DOTAP lipids.

Gene Silencing Cuboplexes.

From our previous work14 we found that cuboplexes prepared by top-down approaches were 

able to efficiently deliver siRNA in cell culture and initiate specific knockdown effects. 

Traditional lipoplexes consist of a lamellar phase of lipid bilayers intercalated by siRNA21,47 

(see Figure 6C) that is known to be less fusogenic with endosomal membranes compared to 

cubic phases, resulting in lower siRNA delivery efficiency. Importantly, when compared to 

standard transfecting agents or traditional lipoplexes, cuboplexes displayed a far superior 

performance at lower toxicity. This was attributed to the fact that cuboplexes have much 

lower content of toxic cationic lipids, and the escape from the endosomes occurs via 
favorable membrane topological transitions. However, a systematic investigation of gene 

knockdown efficiency requires that the ensemble has uniform physicochemical properties 

such as charge density, size, and shape, as all these factors contribute significantly to the 

success of a given nanoparticle to deliver their cargo.

In this study we investigate the ability of small cuboplexes to deliver appropriate contents of 

siRNA and initiate gene knockdown in HeLa-Luc cells that are genetically engineered to 

stably express luciferase. We compare cuboplex performance to a lipoplex system that was 

designed analogously to cuboplexes. Lipoplexes are composed of DOPC (1,2-dioleoyl-sn-

glycero-3-phosphocholine), instead of the GMO neutral lipid, and a phospholipid-based 

“PEGylation” agent (DOPE-PEG, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(polyethylene glycol)-2000]). The molar fractions of neutral, cationic, and 

“PEGylated” lipids were kept constant for both systems as well as the siRNA content and 

charge ratio ρ = nDOTAP/nNA . Figure 6A shows the normalized luciferase activity 

measured in cells after luciferase-targeting siRNA was delivered to the cells using 

cuboplexes (green bars) or lipoplexes (red bars) as a function of ρ. As a control, the 
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performance of the cuboplexes and lipoplexes is compared to that obtained by 

Lipofectamine, a commercially available transfecting agent (LFA). The maximum gene-

knockdown efficiency at 73.6% is attained at ρ = 3 for cuboplexes compared to 35.8% at ρ = 

20 for lipoplexes, with LFA displaying 45.8% efficiency. Both cuboplexes and lipoplexes 

showed increased knockdown activity as ρ increases. However, knockdown activity by 

cuboplexes is saturated at ρ = 3. The dramatic increase of knockdown activity from ρ = 1 to 

ρ = 3 is presumable due to the fact that Coulomb attraction between cuboplexes and cell 

membranes is optimized at ρ = 3. It is also plausible that at higher charge ratios siRNAs are 

not readily decoupled from the cuboplex, even after endosomal escape, due to strong 

Coulombic attraction to the cubosome membranes.19–21 It is noteworthy that cuboplexes 

outperform lipoplexes and LFA virtually at all charge ratios. This is important because 

cationic lipids are toxic and a system at low charge ratio is a requirement for nanomedicine 

design.

Figure 6B shows the results of cell toxicity, in particular plasma membrane integrity, for 

cuboplexes and lipoplexes as a function of p. Both systems display comparable toxicity in all 

workable charge ratios. Up to ρ = 10, both cuboplexes and lipoplexes do not cause 

significant damage to the integrity of the cell membranes, but at ρ = 20 (0.42 mM of total 

lipid concentration) cuboplexes and lipoplexes showed 15.4% and 34.8% decrease in 

membrane integrity, respectively. Figure 6C shows representative Cryo-EM images of 

traditional DOPC/DOTAP-based lamellar-phase lipoplexes compared to GMO/DOTAP-

based cubic-phase cuboplexes.

CONCLUSION

In this study we utilize a microfluidic approach to synthesize monodisperse cubosomes and 

gene-loaded cubosomes (cuboplexes) with high control over size and size distribution. The 

cuboplexes significantly outperform commercially available products in their ability to 

deliver and elicit specific gene knockdown in cells. The microfluidic device enables chaotic 

mixing of small volumes of lipids dissolved in ethanol and aqueous solutions. As a result, an 

emulsion of 50 nm droplets of ethanol-in-water is formed and is stabilized with a lipid layer. 

Utilizing Cryo-EM and SAXS we elucidate the mechanism at which lipid layers of the 

emulsion droplets fuse as ethanol is evaporated from the sample. After full ethanol 

evaporation membranes self-organize into periodic bicontinuous cubic arrays to form 

cubosome particles of about 200 nm and very low polydispersity index (PDI = 0.04). The 

process relies on a judicious choice of lipids that are known to be stable in bulk bicontinuous 

cubic phases in excess water, and we use GMO/DOTAP/GMOPEG (97/2/1, molar fraction). 

We expected that cubosome polydispersity and size to be controllable by microfluidic flow 

conditions, and while this is true, we found a surprising effect on the amount of GMOPEG 

stabilizer. Because cubosome development is mediated by membrane fusion, increasing 

GMOPEG, which is a steric stabilizer, from 1 to 2 mol % caps cubosome growth at sizes as 

small as 75 nm without losing internal structure ordering. This is important because the use 

of nanoparticles for nanomedicine requires sizes in the range of 50–100 nm.

siRNA can be loaded to cubosomes to form cuboplexes without perturbing the size, 

structure, or polydispersity. By conjugating small (1.8 nm) gold nanoparticles to siRNA 
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molecules (siRNA-AuNP) we were able to gain enough Cryo-EM contrast to resolve how 

siRNA is distributed within the cubosome structure. siRNA molecules are filling the water 

channels and attracted to the vicinity of lipid membranes through Coulombic interaction. 

This observation is supported by SAXS by a decrease in unit cell dimension of the cubic 

lattice upon siRNA loading.

This work highlights the importance of exploring microfluidic synthesis of soft 

nanoparticles as a route to gain control of size, polydispersity, composition, and 

nanostructure, which is crucial for the applications in cell delivery.

EXPERIMENTAL DETAILS

Materials.

Glycerol monooleate was purchased from Sigma-Aldrich (MO, USA) and PEGylated GMO 

was custom designed and ordered from NOF America (NY, USA). DOTAP was purchased 

from Avanti Polar Lipids (AL, USA). GMO, DOTAP, and GMOPEG are dissolved in fresh 

chloroform solvent (Sigma-Aldrich, MO, USA) at the desired composition and used without 

further purification. Citric acid capped 1.8 nm diameter gold nanoparticles were purchased 

from Nanopartz (CO, USA). Su-8 2025 photoresist was purchased from MicroChem (MA, 

USA). Tetrahydrooctyl-dimethylchlorosilane was purchased from Gelest (PA, USA). 

Sylgard 184 (polydimethylsiloxane, PDMS) was purchased from Dow Corning (MI, USA). 

Lipofectamine 2000 was purchased from Invitrogen (CA, USA).

Staggered Herringbone Mixer Fabrication.

The SHM is fabricated using conventional photolithography methods as described 

elsewhere.42 Briefly, Su-8 2025 negative photoresist was spin coated on a three-inch sized 

silicon wafer. Upon soft baking (75 °C for 3 min and 105 °C for 9 min), the bottom channel 

pattern was formed through UV exposure using a mask aligner (MJB3, SUSS MicroTec, 

Garching bei Munchen, Germany). The pattern was then baked postexposure at 75 °C for 2 

min and 105 °C for 7 min. After the baking process, a single channel pattern is visible by 

eye. The second layer of Su-8 2025 was then spin coated on top of the first layer and soft 

baked at 105 °C for 6 min. The second layer was then UV exposed and baked postexposure 

at 75 °C for 1 min and 105 °C for 5 min. After confirming that the herringbone structure was 

on top of the single channel, the pattern was developed with an SU-8 developer and hard 

baked at 150 °C for 3 min. The feature dimensions were 200 X 79 μm for the channel, and 

the herringbone structure is 31 μm high and 50 μm thick. The fabricated features on the 

wafer were then cleaned with oxygen plasma (Harrick plasma cleaner, Harrick Plasma, NY, 

USA) for 1 min, and the surface was treated with tetrahydrooctyl-dimethylchlorosilane to 

easily detach the PDMS mold. The PDMS solution was made by mixing the base to curing 

agent at a 10 to 1 ratio. The PDMS solution was poured carefully onto the surfacetreated 

patterns and put in a vacuum to remove trapped bubbles. Once bubbles were removed, 

PDMS was cured at room temperature overnight and carefully detached from the pattern. 

The three holes (two inlets and one outlet) were made on PDMS using a biopsy puncture 

with 1 mm diameter. The PDMS was finally checked through optical microscopy for defects 
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and bonded to the glass slide through oxygen plasma treatment. The fabricated device was 

then washed with ethanol more than three times and dried under vacuum before each use.

Cubosome and Cuboplex Synthesis with SHM Devices.

The lipid feeding solution was prepared in ethanol (10 mM total lipid concentration) at the 

desired composition. A syringe pump (NE-400, New Era Pump Systems, NY, USA) was 

used to regulate the flow conditions of lipid and water feeding solutions. For most of the 

samples, flow conditions and flow rate ratio were fixed at 0.05 mL/min and 4, respectively. 

Obtained emulsions were then collected in a round-bottom 50 mL glass flask. Typically, 1.5 

mL of lipid feeding solution was used to fabricate one cubosome solution. Collected 

emulsion solutions (total lipid concentration: 10 mM) were transferred into a rotary 

evaporator (RV 10, IKA, NC, USA) operating at P = 75 mbar and T =57 °C for about 14 

min. The solutions displayed a color change from clear transparent to opaque white, but 

there were no macroscale precipitates. Resultant cubosome solutions were filtered with a 

centrifugal filter (Nanosep 100 K MWCO, Sigma-Aldrich, MO, USA) to remove unreacted 

emulsions and used for DLS, SAXS, and Cryo-EM studies. Cuboplex solutions were 

prepared by mixing siRNA and cubosome solutions at the desired charge ratio. After a day 

of incubation, the solution was then purified three times with a centrifugal filter (Nanosep 3k 

MWCO, Sigma-Aldrich, MO, USA) to remove unbound siRNA.

Small-Angle X-ray Scattering

Cubosome and cuboplex solutions were analyzed by Synchrotron SAXS at beamline 12-ID-

B, Advanced Photon Source at Argonne National Lab. The synchrotron source has an 

average photon energy of 14 keV with a beam size of 300 μm × 20 μm (H × V). 2D 

scattering data were radially averaged upon acquisition on a Pilatus 300 K 20 Hz hybrid 

pixel detector (Dectris, Switzerland) and integrated using FIT2D software (http://

www.esrf.eu/computing/scientific/FIT2D) from European Synchrotron Radiation Facility.

CryogenicTransmission Electron Microscopy.

Lipid and lipid-siRNA samples for cryogenic transmission electron microscopy (JEOL 2100 

Cryo-TEM at 200 kV) were prepared on a lacey carbon-coated copper grid (Structure Probe 

Incorporation, PA, USA) using the semiautomated Vitrobot (Vitrobot Mark II, FEI). Briefly, 

3 μL of 0.1 M cubosome or cuboplex solution was casted on top of a carbon grid at 100% 

humidity and 25 °C. Rapid immersion of the grid into liquid ethane after two blotting 

sessions (1 s blotting time) effectively vitrifies the sample with thin (<500 nm) ice thickness. 

Note that the samples should be kept under −170 °C until successfully transferred into the 

Cryo-EM instrument in order to prevent ice crystallization. The prepared sample was 

transferred to the Cryo-EM with a CT-3500 cryo transfer holder (Gatan, CA, USA). The 

images are obtained at a defocus of ~ 4000 nm. Higher magnification images were obtained 

by having smaller apertures to minimize drift and electron beam damage on the sample.

Particle Sizing.

Particle size (Z-average) and polydispersity index of the dispersions were determined using 

a dynamic light scattering instrument (90Plus particle size analyzer, Brookhaven Instruments 
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Corporation) at an angle of 90°. Measurements were performed at 25 °C, and the data 

presented correspond to the mean of three successive measurements. The dispersions were 

diluted with water to adjust the signal level if needed. The PDI is taken to be the width of the 

particle size distribution and calculated using the 90Plus particle sizing software.

Cell Culture and Gene Knockdown.

Stable overexpressing luciferase HeLa cells (HeLa-Luc, SL-0102 by Signosis) were cultured 

in Dulbecco’s modified Eagle’s medium (mixture of 10% fetal bovine serum and 1% 

penicillin-streptomycin) at 37 °C with 5% carbon dioxide (CO2). siRNA knockdown 

experiments with HeLa-Luc cells were conducted by the method provided by the 

manufacturer with slight modifications. Briefly, 10 000 cells are seeded per well in a 96-well 

plate on day 1. On day 2, HeLa-Luc cells were then incubated with cuboplexes, lipoplexes, 

and Lipofectamine 2000 (Invitrogen, USA) with 50 nM siRNA targeting firefly luciferase 

genes (siGL2, Dharmacon) or 50 nM “scrambled” siRNA (Allstars negative control siRNA, 

QIAGEN) per well at different charge ratios (ρ) for about 6 h. “No cells” and “cells-only” 

control groups were also used. Gene knockdown efficiency was then evaluated using the 

luciferase assay system (Promega, USA). Specifically, the produced light from each well of 

interest was measured by a plate reader (Victor 3 multilabel reader, PerkinElmer) and 

normalized by the mass of cells in each well. The relative light unit per mg of protein 

(RLU/mg protein) was expressed in percentage of luciferase activity as RLU/mg protein 

ratio for siGL2 with respect to scrambled siRNA at each p. Each reported result is the result 

of three independent cell culture experiments performed on different days. In addition, each 

well during one experiment is conducted in triplicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic illustration of cubosome microfluidic synthesis. Water and lipid/ethanol feeding 

solutions are simultaneously injected in two separated inlets. A herringbone pattern is 

designed to promote the chaotic mixture of water and lipid/ethanol solutions. The mixing 

step takes 0.6 s and leads to the formation of small and monodisperse ethanol-in-water 

emulsion droplets stabilized by a lipid layer. Subsequent removal of ethanol from the 

emulsions by rotary evaporation (at 57 °C and P = 75 mbar) produces monodisperse and 

small cubosomes in less than 15 min.
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Figure 2. 
Mechanism of cubosome formation. Cryo-EM images obtained for microfluidic solutions of 

ethanol-in-water droplets stabilized by a ternary lipid mixture (GMO/DOTAP/GMOPEG, 

97/2/1, mole ratio) at different time points (t) of ethanol evaporation. At t = 0 min 

monodisperse emulsions (droplet size 50 nm) are observed. At t = 4 min, emulsion droplets 

begin to fuse into string-like and cluster morphologies. After four more minutes of the 

treatment (t = 8 min) the membranes in the emulsion are fully fused and starting to display a 

periodic array. This is the stage where most of nanoparticles show a rim that is consistent 
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with a lipid bilayer structure. At the final stage of the treatment (t = 14 min), lipid 

membranes now depleted from ethanol rearrange into a periodic and highly ordered 

primitive bicontinuous cubic structure. Schematics of a cubosome having a primitive 

bicontinuous cubic structure enclosed by a single lipid leaflet are shown where yellow 

represents the midplane of the lipid bilayer and blue the water channels. A single unit cell is 

also represented to the right of the schematic. Synchrotron SAXS scans of the ternary 

mixture (GMO/DOTAP/GMOPEG, 97/2/1, mole ratio) at different rotary evaporation time 

points are shown in the bottom right. SAXS scan of a bulk cubic phase with the same lipid 

composition is included in the plot (red line). The sample treated from 0 and 4 min shows 

weak scattering due to low lipid concentration. At t = 8 min, a bilayer form factor signal 

starts to be visible, and at t =12 min three clear Bragg peaks at q = 0.043, 0.061, and 0.075 Å 
−1 are observed exactly matching the q positions of the bulk phase. The three peaks 

correspond to the [110], [200], and [211] planes that index to a bicontinuous cubic structure 

with Im3m space group, QII
P. With two more minutes of treatment (t =14 min), more intense 

Bragg peaks are observed, indicating that more and highly ordered cubosomes are formed.
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Figure 3. 
Ultrasmall cubosome synthesis. Increased amount of GMOPEG (from 1 to 2 mol % gives 

rise to microfluidic cubosomes of about 75 nm in diameter without compromising ordering 

on the bicontinuous cubic membranes. Left and right show different magnification of the 

cubosomes.
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Figure 4. 
siRNA loading. (A, C) Cryo-EM images of GMO/DOTAP/GMOPEG (97/2/1, mole ratio) 

cubosomes having (A) siRNA and (C) siRNA-AuNP conjugates. siRNA-AuNP conjugates 

provide much higher contrast to locate siRNA molecules within the cubosomes. (B, D) 2D 

electron density maps of selected boxes (70 nm × 70 nm) shown in A and C. The relative 

electron density contrast achieved from Cryo-EM images was converted into a color scale 

shown on the right (red for low and blue for high electron density). In B, the well-ordered 

lipid membrane (green color) is forming a square lattice aligned in the [100] direction. The 

red color in the map represents less electron dense regions, the water channels. On the other 

hand, D shows additional blue and purple regions (high electron density) corresponding to 

AuNP locations and hence the approximate siRNA location. This is a direct proof of siRNA 

incorporation into a cubosome. Schematics of cuboplexes are also shown in the middle of 

the figure. The dark gray, green, gray, and yellow colors represent lipid membrane, siRNA, 

polyethylene glycol moieties, and gold nanoparticles, respectively.
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Figure 5. 
Small cuboplexes. Small cuboplexes (loaded with siRNA-AuNP) are prepared from small 

cubosomes that have higher stabilizer composition (top: GMOPEG 2 mol %; middle: 

GMOPEG 1.5 mol %). In both Cryo-EM images, siRNA-AuNP conjugate locations are 

distinguishable as black dots, representing higher electron density. Synchrotron SAXS scans 

(bottom figure) of cubosomes and cuboplexes fabricated by the SHM device. There are three 

Bragg peaks found at q = 0.046, 0.065, and 0.079 Å−1 for the cuboplex solution (red curve). 

The three peak ratios correspond to [110], [200], and [211] reflections of the primitive 
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bicontinuous cubic lattice. siRNA inclusion shifts Bragg peaks into larger q, meaning that 

the unit cell dimension is decreased from 20.4 to 19.1 nm.
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Figure 6. 
Gene silencing cuboplexes. (A) Luciferase gene knockdown in HeLa-Luc cells of GMO/

DOTAP/GMOPEG (97/2/1, mol ratio)-siRNA cuboplexes in contrast to DOPC/DOTAP/

DOPEPEG (97/2/1, mol ratio)-siRNA lipoplexes at different charge ratios 

ρ ≡ nDOTAp/nN . A . . HeLa-Luc cells were treated with either cuboplexes (green bar) or 

lipoplexes (red bar) containing two different siRNA molecules (50 nM): siGL2, which 

targets the firefly luciferase mRNA, and “scrambled” siRNA, which has a random gene 

sequence. Percentage of luciferase activity is calculated by normalizing the signal ratio of 
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siGL2 to scrambled siRNA at each ρ. As a reference knockdown product, a commercially 

available liposomal formulation (Lipofectamine 2000, LFA) is also used. For cuboplexes, 

the maximum knockdown efficiency of 73.6% is attained at ρ = 3 versus 35.8% at ρ = 20 

from lipoplexes (higher content of cationic lipid). Importantly, the knockdown efficiency of 

cuboplexes is much higher than what is obtained with commercially available LFA (45.8%). 

(B) Membrane integrity test of HeLa-Luc cells when incubated with cuboplexes and 

lipoplexes. Up to ρ = 10, no significant membrane disruption is observed. At ρ = 20 (0.42 

mM of total lipid), however, cuboplexes and lipoplexes show 15.4% and 34.8% decrease of 

membrane integrity, indicating carriers cannot be used reliably at these high ρ values. (C) 

Representative Cryo-EM images of traditional DOPC/DOTAP-based lamellar-phase 

lipoplexes compared to GMO/DOTAP-based cubic-phase cuboplexes.
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